Although inhibitors of bone resorption concomitantly reduce bone formation because of the coupling between osteoclasts and osteoblasts, inhibition or deletion of cathepsin k (CatK) stimulates bone formation despite decreasing resorption. The molecular mechanisms responsible for this increase in bone formation, particularly at periosteal surfaces where osteoclasts are relatively poor, remain unclear. Here we show that CatK pharmacological inhibition or deletion (Ctsk -/-mice) potentiates mechanotransduction signals mediating cortical bone formation. We identify periostin (Postn) as a direct molecular target for degradation by CatK and show that CatK deletion increases Postn and b-catenin expression in vivo, particularly at the periosteum. In turn, Postn deletion selectively abolishes cortical, but not trabecular, bone formation in CatK-deficient mice. Taken together, these data indicate that CatK not only plays a major role in bone remodeling but also modulates modeling-based cortical bone formation by degrading periostin and thereby moderating Wnt-b-catenin signaling. These findings provide novel insights into the role of CatK on bone homeostasis and the mechanisms of increased cortical bone volume with CatK mutations and pharmacological inhibitors.
Introduction
C athepsin K (CatK), a cysteine protease constitutively expressed by activated osteoclasts, digests bone matrix proteins including type I collagen, which is a key process in bone resorption.
(1) CatK gene (Ctsk) mutations induce pycnodysostosis in humans, a congenital disorder characterized by deformity of the skull, maxilla and phalanges, and osteosclerosis. (2) Pycnodysostosis patients present with increased trabecular and cortical bone volume and greater cortical thickness. (3) Similarly, Ctsk deletion in mice, (4) as well as pharmacological inhibition of CatK in rabbits (5) and monkeys, (6, 7) increases bone formation, including at cortical surfaces, leading to increased bone mass, improved bone structure (eg, cortical thickness), and greater bone strength. CatK inhibitors also decrease resorption by inhibiting the digestion of organic bone matrix, an effect that does not directly affect the demineralization of bone matrix or the development or survival of osteoclasts; as such, treatment with Cat K inhibitors often leads to increased numbers of resorptiondeficient osteoclasts that form shallow resorption pits. (8) (9) (10) Few molecular mechanisms have been found to explain how remodeling sites direct the refilling of resorption spaces, and possible factors include a local increase in matrix-derived growth factors (IGF-1, TGF-b), which are liberated by the dissolution of the mineral phase in absence of matrix erosion (11) and/or the production of "clastokines," such as sphingosine 1 phosphate and PDGF-BB by the CatK-deficient osteoclasts. (12) (13) (14) (15) Intriguingly, CatK inhibitors markedly increase bone mineral density (BMD) at the hip (16) and cortical thickness at the tibia but not at the non-weight-bearing radius. (17) Similarly, bone diameter is not increased at the radius in pycnodysostosis patients. (3) Moreover, periosteal and modeling-based bone formation is increased in Ctsk -/-mice and in the central femur of monkeys treated with a CatK inhibitor. (4, 18) These observations suggest possible interactions between mechanical forces and CatK, potentially mediated by molecules that specifically control the activation of modeling-based bone formation. How cortical bone formation is increased in absence of CatK, particularly at periosteal surfaces where it occurs primarily through de novo activation of lining cells in the absence of prior bone resorption and/or osteoclasts, remains unknown.
Osteocytes play a central role in the regulation of the bone biomechanical response, and these cells have been shown to express cathepsin K. (19) (20) (21) Central to the bone biomechanical response is the inhibition of osteocyte sclerostin expression, leading to the activation of the Wnt/b-catenin signaling pathway in osteoblasts. (22) Another key molecule in this response and signaling activation is periostin (Postn), a matricellular protein of 90 kD secreted by osteocytes and osteoblasts. (22, 23) In mice, Postn is mainly localized to the cortical compartment and its expression is essential for the periosteal bone formation mediated by Wnt-bcatenin signaling in response to mechanical loading and parathyroid hormone (PTH). (22, (24) (25) (26) Postn -/-mice are characterized by periodontitis and low BMD, altered microstructure, and reduced cortical bone strength. (22, 27) Considering the structure and function of Postn, we hypothesized that it is a potential substrate for degradation by CatK and that its levels would be increased by CatK deletion or inhibition.
In this study, we show that CatK degrades Postn in vitro and that CatK inhibition increases Postn levels and bone formation in vivo. Furthermore, the cortical bone response to loading is enhanced in Ctsk -/-mice in association with the increased levels of Postn both locally and systemically. In turn, the periosteal, but not trabecular, bone formation in Ctsk -/-mice is abolished by deletion of Postn (ie, in the background of Postn -/-mice).
Materials and Methods
Generation of Ctsk -/-, Postn -/-
, and Postn -/-Ctsk -/-mice Postn -Lac Z knock-in mice (Postn -/-) and CatK knock-out mice (Ctsk -/-) were generated as reported previously. (27) Postn -/-mice were subsequently bred with C57BL/6J mice and Ctsk -/-and ear punch DNA analyzed by PCR was used to identify Ctsk and Postn heterozygous mice. We interbred mice that were heterozygous carriers of loss-of-function Postn and Ctsk mutations (Postn
Ctsk
+/-mice) to investigate the respective progeny. Mice were housed 5 per cage, maintained under standard non-barrier conditions, and had access to water and diet ad libitum (HarlanTeklad 2019, SDS, UK). All bone phenotype analyses for nonchallenged mice were performed in 12-week-old female mice (n ¼ 6-8). To measure dynamic indices of bone formation, mice were injected with calcein 9 and 2 days before euthanasia. The animals were killed by cervical dislocation performed under ketamine/xylasin anesthesia, and blood was collected for serum measurements. Animal procedures were approved by the University of Geneva School of Medicine Ethical Committee and the State of Geneva Veterinarian Office.
Challenged mice

Treatment
For the pharmacological experiment C57BL6J female mice aged of 12 weeks where treated with osteoprotegerin (OPG)-Fc (4 mg/kg twice per week), alendronate (ALN, 25 mg/kg/d subcutaneously, twice a week), the cathepsin K inhibitors (L-235, 30 mg/kg twice a day) or saline (vehicle) for 4 weeks (provide by Department of Bone Biology, Merck & Co., Kenilworth, NJ, USA).
Botox experiment
Unilateral skeletal unloading was effected by Botox-induced paralysis of the quadriceps and calf muscle of one hindlimb, leaving the contralateral non-injected leg as a loaded control. Ctsk -/-and Ctsk +/+ male mice (12 weeks old) were injected with Botox (19.2 mL of 2 unit/100 g, 2.5 unit/100 mL) into the left quadriceps 4 mm proximal to the patellar tendon (targeting the rectus femoris, vastus lateralis, vastus intermedius, and the vastus medialis) and the posterior compartment of the left calf (targeting the gastrocnemius, plantaris, and the soleus) (n ¼ 6 mice/genotype). The Botox dose was based upon previous reports in the literature and the loss of muscle force was monitored daily by digit abduction scoring. (28, 29) In vivo axial compression
The effects of cyclic skeletal loading were assessed in C57 mice treated with antiresorptives, and in Ctsk -/-, Postn -/-Ctsk -/-, and wild-type littermate mice; all mice were 12-week-old males. A loading apparatus was specifically adapted for mouse tibial loading as previously described. (22) Custom moulded pads were placed on the longitudinal axes of the tibia to apply compression on the lower left hindlimb. The lower hindlimb was then placed on the stimulation machine between the moving pad on the proximal side (the knee) and the fixed pad on the distal side (the foot) in order to strain the tibia. The left tibia of each mouse was subjected to dynamic axial stimulation, using the following parameters: peak load ¼ 8N, 12N, or 16N; pulse period (trapezeshaped pulse) ¼ 0.1 s; rest time between pulses ¼ 10 s; full cycle frequency (pulse þ rest) ¼ 0.1 Hz. A total of 40 cycles ($7 min) were applied per day on 3 alternate days per week for 2 weeks and euthanized 3 days later. The non-stimulated right tibia served as an internal control. Strain magnitudes were calibrated ex vivo using miniature strain gauges bound to the midshaft tibia surface, as previously reported. (30) Additional mice used for real-time qRT-PCR analyses or immunohistochemical staining were euthanized 6 hours after the last mechanical loading stimulation. As strain gauges indicated that the greatest strain levels were observed at the proximal and/or distal region of the tibia (Supplemental Fig. S1 ), all immunohistochemistry was performed on the proximal 1/3 of the tibia.
Bone investigation
Micro-CT scans, histomorphometry, immunohistochemistry, ELISA assay, gene expression, mechanical resistance of mouse femur or tibia were performed as described in the Supplemental Materials and Methods. (31, 32) Blood from all mice was obtained just before euthanasia. After centrifugation, serum was removed and stored at -80°C until analysis. Serum CTx (carboxy-terminal collagen cross-links) and osteocalcin were measured by ELISA assay according to manufacturer's instructions (SBA Sciences, Turku, Finland, and Biomedical Technologies Inc., Stoughton, MA, USA). Circulating levels of periostin were evaluated by an inhouse assay as previously described. (33) Methodological details of Western blotting, immunocytochemistry, and ELISA analyses are in the Supplemental Materials and Methods.
Power calculation, blinding of investigators, and randomization of mouse samples
The mouse study's primary analysis was the effect of Ctsk and Postn inactivation on cortical bone formation rate. Power analysis indicated that 8 mice per group would provide 80% power to detect a biologically significant 1.6 SD change in bone formation rate, and therefore we aimed to use 8 mice per group for studies of basal (non-challenged) mice. For the axial tibial compression model, we used 6 mice per group because each mouse was its own control. All in vivo experiments and subsequent analyses were performed in a blinded manner. No experiments requiring randomization of sample groups were performed. No animals were excluded in our analysis.
Data analysis
The effects of pharmacological treatments were assessed by one-way ANOVA, and the effects of loading within each treatment or genotype were assessed by paired t tests. To compare the effect of treatments/genotype and the response to loading, we used a two-way ANOVA. As appropriate, post hoc testing was performed using Fisher's protected least squares difference (PLSD). Differences were considered significant at p < 0.05. Data are presented as mean AE SEM.
Results
Cortical bone response to axial compression increases dose dependently in Ctsk -/-mice
Axial compression of the tibia in wild-type mice markedly induced the expression of CatK in osteocytes as indicated by immunohistochemistry and confirmed by qRT-PCR in osteocytic fraction of tibia extracts (Fig. 1A) . To investigate the role of CatK in the cortical bone response to mechanical loading, we applied a range of forces on the tibia, from Botox-induced paralysis (-4N compared with the grounded limb) to ground reaction forces (ambulation activity 0N) to increasing axial compression (8, 12 , and 16N) in adult Ctsk -/-mice and Ctsk +/+ littermates. At 16N of force, the gain in BMD, bone volume/tissue volume (BV/TV), cortical bone volume (Ct.BV) as well as ultimate force and stiffness, as evaluated by the differences between the loaded and contralateral limb, were higher in Ctsk -/-versus Ctsk +/+ mice ( Fig. 1B-F ). This improvement of bone response to loading observed in the absence of CatK became mainly significant at a force equal to or higher than 12N. In contrast, we did not see any difference between Ctsk -/-and Ctsk +/+ during Botox paralysis for any of the bone parameters tested (Supplemental Fig. S2 ). At a similar loading force, the higher-density bones of Ctsk -/-mice may experience a lower strain (as shown by strain gauge data for the tibial surfaces of these mice, Fig. 1G ). Thus we performed an additional experiment where we applied 1800 microstrain to both Ctsk -/-and Ctsk +/+ mice, equivalent to 16N and 12N, respectively, for Ctsk -/-and Ctsk +/+ (Fig. 1G) . Under this condition, the magnitude of the increase in periosteum bone formation rate (Ps.BFR) reached þ1248% in Ctsk -/-(p < 0.001 versus nonloading) versus þ142% in Ctsk +/+ (ns). The increase in endocortical (Ec) BFR was also greater in Ctsk -/-, although the difference with Ctsk +/+ mice was less prominent than at periosteal surfaces (Fig. 1H) . In contrast, the BFR response at the trabecular surfaces was similar between Ctsk -/-and Ctsk +/+ littermates (Fig. 1J) .
Thus mechanical loading appears to increase the cortical bone expression of CatK (in osteocytes), and conversely, to induce larger bone formation responses in absence of CatK, specifically at cortical surfaces and most prominently at the periosteum.
CatK inhibition enhances the cortical bone response to mechanical loading
To evaluate whether the increased cortical bone response was specific to CatK inhibition or more broadly mediated by the general inhibition of osteoclasts and bone resorption, we then compared the effects of axial compression at a low force in mice treated with the CatK antagonist L-235, ALN, or OPG. When concomitantly submitted to low-amplitude axial compression, the gain in tibia Ct.BV, cortical thickness (Ct. Fig. 2A-C) . Histomorphometry showed that in response to loading, the endocortical (Ec) and trabecular (Tb) BFR at tibial midshaft were increased with vehicle and maintained with L-235, whereas ALN and OPG-Fc decreased BFR at these surfaces (Fig. 2D) . At the periosteum (Ps), the bone forming response to loading was accentuated with L-235 (þ184%) compared with vehicle (þ101%, Fig. 2E ) but absent in the ALN and OPG groups (Supplemental Table S1 ).
These data further indicate that CatK inhibition differs from other antiresorptives by maintaining bone formation induced by mechanical loading at remodeling surfaces while potentiating this response at modeling surfaces (periosteum). They further suggest that CatK inhibition could specifically increase the amount and/or activity of factors involved in the bone biomechanical response and expressed by non-osteoclastic cells.
CatK degrades periostin and CatK inhibition enhances periostin expression and b-catenin expression Among the factors which expression is increased by mechanical stimulation in osteocytes and/or the periosteum, periostin appears as potential substrate for degradation by CatK. Thus we tested the in vitro proteolytic activity of recombinant human CatK in processing recombinant Postn. CatK degraded recombinant Postn by 1 hour of incubation to produce several fragments of lower molecular sizes (Fig. 3A) . Accordingly, Ctsk -/-mice exhibited higher periostin staining both at the periosteum and within the cortex compared with Ctsk +/+ mice ( Fig. 3B1-2) , and circulating levels of periostin were higher in Ctsk -/-versus Ctsk +/+ mice (Fig. 3C) . Moreover, immunofluorescent levels of Postn were higher, and Sost lower, in osteocytes of the tibial cortex from Ctsk -/-compared with Ctsk þ/þ mice (Fig. 3D) . In tibias subjected to axial compression, periostin staining was further increased in Ctsk -/-versus Ctsk +/+ mice ( Fig. 3E1-2) . In mice treated with the CatK inhibitor L-235, the expression of canonical Wnt b-catenin pathway genes such as Axin2, c-Myc, and b-catenin (b-Ctnn1) was increased in the tibial diaphysis (respectively þ23%, þ86%, þ25% versus Veh, p < 0.05, Supplemental Table S2 ). Increased staining for bcatenin was further observed in the tibia of mice treated with L-235 versus vehicle ( Fig. 3F1-2 ). Taken together with previous evidence that Postn inhibits Sost expression and activates Wnt-b-catenin signaling, (34) these observations strongly suggested that CatK inhibition potentiates the cortical bone response to loading by increasing Postn levels.
Postn deletion selectively abolishes the cortical bone effects of CatK deletion and inhibition
To directly evaluate the role of periostin on the cortical bone effects induced by deletion of CatK, Ctsk -/-mice were crossed with Postn -/-mice. As expected, Postn +/+ ;Ctsk -/-had higher BMD, BV/TV, and Ct.BV, whereas Postn -/-;Ctsk þ/þ had moderately lower femoral BMD and Ct.BV compared with Postn +/+ ;Ctsk Fig. 4A-C) . Again Postn +/+
;Ctsk -/-had higher BFR on both cortical and trabecular surfaces, confirming that bone formation was globally increased (Fig. 4D, E) . In turn, Postn deletion in Ctsk -/-mice (Postn -/-;Ctsk -/-) normalized femur BMD and Ct.BV to wildtype levels and markedly reduced cortical bone forming indices and strength compared with Postn +/+ ;Ctsk -/-but had no effect on trabecular BV/TV or BFR (Fig. 4C, F) . Furthermore, the effects of mechanical loading on cortical bone, particularly on periosteal BFR, were suppressed in Postn -/-;Ctsk -/-mice, whereas its effects on trabecular BV/TV and BFR and, to a lesser extent, endocortical BFR remained significant (Fig. 5A-G) . Similarly, the effects of the CatK antagonist L-235 on cortical structure and both periosteal and endocortical BFR were abolished in Postn -/-mice, whereas its effects on the trabecular compartment were unaffected by Postn deletion (Supplemental Fig. S3A-G) .
Thus increased levels of periostin resulting from CatK deletion or inhibition are selectively responsible for the increased cortical (mainly periosteal) bone formation and response to mechanical loading.
Discussion
CatK gene mutations in humans, Cat K gene deletion in mice, and pharmacological inhibitors of CatK have all shown the preservation and in some cases increased bone formation on multiple surfaces, including at the periosteum, where bone formation is largely a modeling-based osteoclast-independent process. Mechanisms for the preservation of bone formation at remodeling surfaces when CatK is absent or inhibited have been explained by an increased amount and/or activity of osteoblastic growth factors released from the demineralized bone matrix, such as IGF-1, and/or by non-resorbing osteoclasts themselves, primarily Sph1P. (14) However, the mechanisms for increased bone formation at periosteal bone surfaces under conditions of CatK inhibition remained poorly understood. By investigating the interaction of mechanical stimulation with CatK deletion and inhibition, we first showed that decreased CatK activity reduces the amount of loading required to stimulate bone formation; hence, for the same amount of strain bone formation is enhanced, indicating that CatK inhibition potentiates the skeleton's sensitivity to mechanical forces. Then by investigating the interaction between Ctsk and periostin (Postn) deletion, we demonstrated that Postn is necessary for the cortical, and particularly periosteal, bone formation induced by Ctsk inhibition.
We previously showed that the matricellular protein Postn represents an essential mediator of modeling-based bone formation in response to mechanical loading, and more broadly to anabolic stimuli, such as intermittent PTH, by its capacity to activate Wnt-b-catenin signaling both directly and through the downregulation of Sost. (22) In the present study, we demonstrated that Postn is a CatK substrate and that CatK inhibition increased Postn levels at the periosteum and in osteocytes, which induces Wnt-b-catenin activation and cortical bone formation. In turn, these experiments identify Postn as a new mechanism to explain the seemingly paradoxical observation that preventing endosteal bone remodeling by CatK inhibitors is accompanied by the activation of periosteal bone modeling. (35, 36) In Ctsk -/-mice as well as in WT mice treated with L-235, a potent inhibitor of murine CatK, (37) BMD, microarchitecture, and strength were all improved by decreasing bone resorption but also by maintaining bone formation compared with classical antiresorptives such as OPG-Fc and alendronate. Moreover, the cortical, but not trabecular, gain in response to mechanical loading was enhanced in mice treated by L-235 compared with the classical antiresorptives. The synergistic effects of mechanical loading and CatK inhibition are attributed to the increase in cortical bone formation rate, mainly at the periosteal surfaces. Such interaction was not observed with ALN and OPG-Fc, demonstrating that it is not the inhibition of osteoclastic functions per se that is responsible for the potentiation of the bone biomechanical response but of CatK specifically. Collectively, these experimental results provide a new mechanism to potentially explain the clinical observations that CatK mutations/deletions and inhibitors prominently increase bone mineral density in weight-bearing bone. In humans, 5-year treatment with the CatK inhibitor odanacatib (ODN) increased areal bone mineral density (aBMD) at the total hip by 8.5% compared with 5% in ALN, whereas ODN and ALN had similar effects on aBMD at the distal radius, which bears less weight. (38) In adult ovariectomized monkeys, ODN increased aBMD and strength at the femoral neck and midshaft and increased Ct.Th as well as periosteal bone formation at these bone sites. (6, 7, 18) It also caused greater gains in vBMD, Ct.Th, BV/TV, and estimated strength compared with ALN at key bone sites, (35) including the radius, known to be one of the most loaded sites in monkeys. (36) Postn protein levels were higher in periosteal lining cells, osteocytes, and the circulation of Ctsk -/-mice compared with WT littermates. Furthermore, mechanical loading increased Postn levels in Ctsk -/-mice more than in WT mice. This increase in Postn was accompanied by an apparently decreased expression of sclerostin in osteocytes and by an activation of the Wnt-bcatenin signaling pathway. So far, there is no evidence that sclerostin is a CatK substrate, and even so, its levels in conditions of mechanical stimulation would still be expected to remain low as they are primarily driven by the downregulation of Sost gene expression. We previously demonstrated that Postn activates Wnt-b-catenin signaling in primary osteoblastic cell cultures and in TOPGAL reporter mice that uses a ß-galactosidase reporter gene (LacZ) under the control of multimerized TCF binding sites. We also reported that Postn activates integrin-mediated signaling (AKT/PKB and FAK) in osteoblasts, thereby promoting cell adhesion and motility by activation of the actin/myosin contractile machinery. (39, 40) Subsequently, Postn inhibits GSK3b, a main regulator of the Wnt-b-catenin axis via PIP3 and/or AKT. (41) Altogether, these experiments indicate that CatK inhibitors interacting with mechanical forces increase Postn levels and induce cortical bone formation, most prominently at modeling-based surfaces (periosteum), through the activation of the Wnt-b-catenin pathway (Fig. 6) . In contrast, Postn signaling does not appear to play a major role in the increase of trabecular bone volume by CatK inhibitors, which may actually depend on the production of other coupling factors in the bone remodeling units. (14, 15, 42) Although it is likely that several other proteins, including IGF-1 and BMP-2, (11) are elevated with CatK inhibition, our results in periostin null mice demonstrate that among all possible substrates, periostin is necessary and sufficient to explain the increased mechanosensitivity of the skeleton when CatK activity is reduced.
By using a global knock-out for CatK, one of the potential limitations of our study is that we cannot determine specifically which CatK-expressing cells, namely osteoclasts, osteocytes, or other bone cells, are mostly responsible for periostin degradation and the inhibition of modeling-based bone formation at the periosteum. Osteoclasts have been observed in the periosteum, where periostin is also expressed, both in mice and humans, (43) (44) (45) however at very low levels and only in specific regions (metaphysis) and/or during growth or aging in humans. However, we did not specifically observe periosteal osteoclasts at the midshaft in our experiment, suggesting osteoclasts were not a key source of CatK for periostin degradation. Because periostin is expressed in osteoblasts and osteocytes, where CatK expression has also been reported, (46) and considering our observation that mechanical stimuli increase CatK expression as well as periostin in these cells, we postulate that periostin degradation by CatK occurs primarily as a paracrine mechanism by these cells. In our study, we used male or female mice indifferently for the genetic and pharmacologic experiments Fig. 6 . Schematic representation of the role of Postn on Wnt-b-catenin on the bone remodeling/modeling ratio in response to mechanical loading and CatK inhibition. 1) Activated osteoclasts (green cells) produce CatK, which degrades collagen and non-collagen bone proteins at the trabecular and cortical surface, including Postn that normally stimulates Wnt-b-catenin signaling, whereas sclerostin (Sost) inhibits Wnt-b-catenin. 2) Unloading induces decreases in Postn and increases Sost expression in osteocytes, hence decreasing Wnt-b-catenin and bone formation; because of the initial decrease of periostin substrate inhibition of cathepsin K did not prevent bone formation decrease in response to Botox. 3) Mechanical loading induces Postn expression and downregulates Sost in osteocytes, hence increasing Wnt-b-catenin signaling, which enhances modeling-based bone formation; in addition, loading increases cathepsin K in osteoblast lining cells (blue cells) and osteocytes (orange cells), which degrades bone matrix all around the lacunae, including a part of periostin.
Ã Limited increase through degradation by CatK. 4) CatK inhibition increases Postn levels, further potentiated by mechanical loading, hence increasing Wnt-b-catenin signaling and modeling-based bone formation, while bone remodeling is maintained or reduced.
and found concordant results independent of sex. These results are in accordance with Pennypacker and colleagues, who reported that the bone phenotype of Ctsk -/-mice is similar in males and females. (4) Serum Postn has been shown to decrease with age and to be correlated with cortical bone microarchitecture both in animals and in humans. (47) Cortical bone, which represents more than 80% of skeletal mass, provides important mechanical support. (48, 49) Despite the fact that longitudinal growth through an endochondral mechanism has been extensively studied, mechanisms that regulate bone width particularly in the mature skeleton are less known. Our findings may implicate CatK activity in the acceleration of bone remodeling after the menopause as a central mechanism that not only degrades endosteal bone structures but also limits the compensatory increase in modeling-based bone formation (through periostin degradation) that would normally occur at the periosteum as a result of the increased strain imparted to the structurally weaker bones.
Taken together, these data indicate that CatK not only plays a major role in bone remodeling but also can modulate the modeling-based cortical response to mechanical forces by degrading periostin and thereby moderating Wnt-b-catenin signaling. These findings provide novel insights into the role of CatK on bone homeostasis and the mechanisms for increased cortical bone volume in pycnodysostosis and in response to CatK inhibitors.
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